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N T systamic action of dichloro(2-chlorovinyl)arsine (29.7umols/kg, also known as <
- lewisite. The analogs are active in this respect when given either sc or po. K
The stability of each of the three dimercapto campounds in distilled H.,O, pH 7.0 '
at 24°, has been examined for seven days. DOMSA retained 82% of it$ mercapto
groups, but no titratable mercapto groups remained in the DMPS or BAL solutions. et
At pH 5.0, however, there was no striking difference in the stability of the .
three dimarcapto compounds (78-87%) over a seven day period. DMSA and DMPS
mtﬁmmmgaumasmtarschbhmﬁlbmdmgagmtsmbothm
v:.voarximv:.tmexpennmts
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PARJ.‘ IT - Optical Iscmers of 2 B-mmrcap'bo-l-prcpanesulfmate-
Antidotal Actw:.ty, in vitro and in vivo, P
against Sodium Arsenite.

¢
' DMPS (2,3-dimercapto-l-propane sulfonate, Na salt) is an important water 4
soluble analog of dimercaprol. ALl investigations of this antidote for heavy B¢
metal intmdication have dealt only with the racemic mixture. In the present ~
report.theopﬁ.calimofmsmvebeensepanmdandﬂmusenic-mﬂdote X
activity of the levo-rotatory (=) iscmer, the dextro-rotatory (+) isamer and the
mmﬂmofmsmebemxmsugatedmnvoandmntm. The
individual optical iscmers and the racemic mixture of DMPS are ei-ective

equally, in vitzo, in preventing the inhibition by sodium arsenite of the 0
activity of mouse kidney pyruvate dehydrogenase camplex (PDH). In additicn, -
when PDH is inhibited, in vitro, by sodium arsenite, any of the three DMPS -
preparaticns will reverse the inhibition equally well. The in vitro evidence ‘.
suggests that two moleculas of [MPS are required to prevent the effects of cne =
O molecule of sodium arsenits. Neither the IDS0s noxr the EDSOs of each of the "

three forms of DMPS differ significantly when measured i.p. in mice. In
addition, there is no striking difference between the effectiveness of the levo-
ordex::o-mtamymsmmgwmomlytomcechaumgedwunsodnm

arsenite. Thus, the use of the individual optical iscmers of DMPS does not E_.
appear to have any advantage over the racemic mixture as an arsenic antidote "
mdertbeseccnditicns. -

——

PART IIT - The PI is using this space to point cut that the in vitro assay \
mmmedeARtImncwthefJ:stsc:eenusedmtm.slaborato:v:cr
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discovering campounds with arsenic or lewisite antidote activity. It is Zfast, N
inexpensive, very accurate and uses fewer animals than the in vivo screen. The N
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SUMMARY

%ﬂquz:ﬂmysmmtmumandpomgcmsedbymcals
mma.

; Major methods to this : Protection of rabbits against the lethal
ects o te; protection of mice against lethal effects of sodium
arsenite: and prevention and reversal of PDH inhibition as in vitro screen.

Sumary of results: PART I ANTI-LEWISITE ACTIVITY AND STABILITY CF
MESO-DIMERCAPTOSUCCINIC ACID AND 2, 3-DIMERCAPTO-1-PROPANESULFONIC ACID

dimercaprol (BAL, British Anti-lewisite). Dimercaprol was among the ZIirst
therapeutically useful metal chelating agents and was develcoped originally as an
anti-lewisite agent. Either OMSA or DMPS protects rabbits from the lethal

. systamic action of dichloro(2-chlorovinyl)arsine (29.7umols/kg, also known as
lewisita. The analogs are active in this respect when given either sc or zo.

The stability of each of the three dimercapto campounds in distilled H.O, pH 7.0

at 24°, has been examined for seven days. DMSA retained 82% of it$ mercapto
gm:pshtmut:atablnmcaptogzmpsrmmedmtheMSorBALsolumns.

At pH 5.0, however, thare was no striking difference in the ilicy of the

O threadnmrcapt:qcmpmmds(?S—B?%)cverasevmdaypenod DMSA and DMPS

PART II - Optical 1Isaners of 2,3-Dimercapto-l-propanesulfcnate:
Antidotal Activity, in vitro and in vivo, against Sodium Arsenite.

~OMPS (2,3~dimercapto—-l-propane sulfonate, Na salt) is an important water
soluble analog of dimsrcaprol. All investigations of this antidote for heawvv
metal intoxication have dealt only with the racemic mixture. In the present
report,tbccpti.alisumrsofﬁdﬁhmbemsepantedmdthearsenicanﬂdote
activity of the levo-rotatory (=) isamer, the dextro-rotatory (+) iscmer and the
racmcmxmreofll@Shavebmmvest:.gatedmvzvoandmntm e
individual optical isomers and the racemic mixture of DMPS are eiZective
equally, in vitro, in preventing the inhibition by sodium arsenite of the
activity Enmsek:.dmypymvatedebydmgenasecmplac (PDH) . In acdditicn,
menPDHmmmbmed,_L&nm,bysodnmmm,anyo:the&reeﬂPs
preparations will reverse the inhibition equally well. ’megv:.tmevzcerce
suggaststbathaofMSarerequedtoprevmttheenectsorcne
molecule of sodium arsenite. Neither the LDSO0s nor the EDSOs of each of :.“.e
thraefcmofMSdefarszqmﬁcanﬂywhmmsuredxp.mmce poe)
addition, thuammsmbmdlﬁmmmeffecumess of the leve-
or %&@kamgzm crally to mice challenged with sodium
arsenite. Thus, use of the individual optical isamers of CMPS Joes =ct

ameartohmmyadvantaqecvermemcmmreasanmcanmmte”
under these conditions.

O PART IIT - The PI is using this space to point out that the in vizro assay
mentioned in PART I is now the first screen used in this Iabcratory for
discovering campounds with arsenic or lewisite antidote activity. It is Zast,




4 J

inexpensive, very accurate and fewer animals than the in vivo screen. The
in vivo screen is now our second .

Conclusion: It would appear that , IMSA and other dimercapto campounds
warrant further experimental studids and eventually clinical trials for the

treatment of intoxication by 'arsenic, espec:.allyagamstlew:.s:.tegas.ﬂmese
agantskavebemusedmlnmntherapymtheSmnetUruonandcuna Soviet

and West German investigators have recammended that it replace BAL
for treatment of heavy metal poiscning.

X




FOREWORD

mmmmwmmm.mm@mm
adhered to the "Guide for the Care and Use of Laboratory Animals,"” prepared by
the Committee on Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Rescurces, National Research Council (DHEW Publication No.
(NIH) 78=-23, Revised 1978).

Citations of cammercial organizations and trade names in this report do not
constitute an official Department of the Ammy endorsement or approval of the
products or services of these organizations.
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PART I ANTI-LEWISITE ACTIVITY AND STABILITY CF MESO-DIMERCAPTCSUCCINIC
ACID AND 2, 3-DIMERCAPTO-1-PROPANESULFONIC ACID

Summary

Meso~dimercaptosuccinic acid (DMSA) and the sodium
salt of 2,3- dimercapto-l-propanesulfonic acid (DMPS) are
analogousmchmlsm:cmretodamcapml (BAL,
British Anti-lewisite). Dimercaprol was among the first
therapeutically useful metal chelating agents and was

develcoped criginally as an anti-lewisite agent. Either
DMSA or DMPS protects rabbits from the lethal systamic

action of dichloro(2-chlorovinyl)arsine (29.7umols/kg,
also known as lewisite. The analogs are active in this
respect when given either sc or po. The stability of
each of the three dimercapto campounds in distilled HO
pH 7.0 at 24°, has been examined for seven days.

* retained 82% of its mercapto groups, but no titratable
mercapto groups remained in the DMPS or BAL soclutians.
At pH 5.0, however, there was no striking difference in
the stability of the three dimercapto campounds (78-87%)
over a seven day period. DMSA and DMPS warrent Surther

investiqation as water soluble metal binding agents in
both in vivo and in vitro experimencs.

British Anti-lewisite (BAL, dimercaprol) was developed in the 1940's as
an antidote to dichloro-(2-chlorovinyl)-arsine, cammonly called lewisi

i

(1,2). 'melethalacumoflewlsz.tez.sbel.l.evedtobe**.eresul cf L

5

cambining with cne or more sulfhydryl gm:ps and thus inactivating essentia.
sulfhydryl-containing enzymes (3). It is the arsenic in the lewisite
molecule that reacts with sulfhydryl moieties.

At the time of its introduction into clinical medicine, 3AL was

considered by many to be the long sought, universal antidete Ior neavy metal

poisoning. In subsequent years, however, less toxic and more specziic metal
binding agents have been sought and investigated. Same have met the criteria

I.""‘
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and standards necessary for clinical use. Others have not. For example, BAL f
glucoside was introduced (4) as a result of a search for water soluble and &

less toxic analogs of BAL. Although it was found to be less toxic than BAL :

for iv use, (probably because of its low lipoid solubility), it did not :

became established as a clinical agent because it is unstable chemically. A

Cther campounds, which are less analogous in chemical structure, have “.;
replaced BAL for same of its more specific therapeutic uses. For example, ‘-
D-penicillamine is used to mobilize and increase the excretion of copper in

patients with Wilson's Disease (5). Its N-acetyl derivative is effective as

a mercury antidote (6,7). BAL has remained, however, the drug of choice in i

the U.S. for the treatment of arsenic poiscning.

N Meso-dimercaptosuccinic acid (DMSA) (8) and the sodium salt of
-t 2,3~dimercapto-l-propanesulfonic acid (OMPS) (9) are pramising replacements .
for BAL. These compounds are very similar in chemical structure to 3AL and .

are sanetimes referred to as water soluble and/or crally-effective analogs of E

BAL. To our inowledge, however, the anti-lewisite activity of these =wo 3

published data available concerning the stability of aquecus soluticns of ‘;

these dimercapto campounds. Evidence for the anti-lewisite activity and <

stability of DMPS and CMSA are presented in this paper. '

Male New Zealand white stock rabbits weighing 2.5-3.5 kg were purchasad "

fram Dutchland Laboratories Inc., Demver, PA and Davidscn Mill Fam,

Jonesburg, NJ and caged individually. Food (Purina Rabbit Chow 3rand 3322) \
O and water were available ad libitum except in the case Of tiose animals o E\
received therapy crally. Animals receiving therapy po were Zasted Zram .5 (*
hrs prior to the first administration o l hr after the last administraticn A
- 10 - =
o
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an day cne. (On days two and three, animals were fasted £ram 1 nr prior to
the morning administration to 1 hr after the evening administraticn,
approximately 7 hours.

When dithicl therapy was given sc, the animals were anesthetized Ziftsen
mimutes before lewisite administration by administering im 0.50 ml oI
anesthetic solution per kg. The animals were anesthetized to reduce <he sain
expected to be caused by lewisite. Subsequently, it was cbserved <hat
neither pain nor discamfort was apparent. Thus, anesthesia was not used n
the experiments when dithiocls were given po. The anesthetic scluticn was
prepared by mixing 5 parts Ketamine HCl (100 mg/ml) and 1 part of Xylazine
(100 mg/ml) .

A 5 ml Gilson Pipetman was used to give the dithiols by mouth. The
rabbit was placed in a short restraining box. The box was placed cn its end
so that the rabbit was in a vertical position with its head at the tcp. The
Pipetman was filled with the desired volume of the drug soluticn. The
plastic tip was gently inserted between the lips at cne corner of the mcuth
and the liquid delivered slowly into the back of the rahbbit's mcuth. Thus
method did not appear to cause any twrauma or injury. It was easier and
faster to perform than the use of polyethylene stamach tubes.

NaDMPS was a gift of EHeyl and Co., Berlin. Since each molecuile nas a2
molecule of HZO associated with it, a molecular weight of 228.2 was used o
calculations. [MSA was a gift of Jomson and Jchmscon, Skillman, N.C. 3¢t
capounds were pharmaceutical grade purity. OMPS and ZMSA were «izrated wizh
iodine in order to measure purity and mercapto content. 3y <his crizerion,
each preparatiocn was judged to be greater <han 99% pure. The campcunds wnen
given by mouth were dissolved in water. In order =o dissolve MSA, ==e

aquecus suspension was adjusted to pH 5.5 with NaCH. when qiven ¢, =ne

S N T T T N A A A S s N N U SO S N e e e,
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solutions were prepared the same way except that the campounds were dissolved

[y s

in 0.9% NaCl-5% Na@3. Unless otherwise stated, the concentrations of CMPS

or DMSA were such that the rabbit received 1.0 ml of soluticn per kg of body §
weight, per administration. Dimercaprol Injection, USP (BAL in Oil Ampules)
was a gift of Hynson, Wescott & Dunning, Baltimore, MD. T

| Lewisite was 97-99.6% pure as judged by NMR-spectroscopy as well as v
icdine titration. Analysis by the former method also indicated that <he R

| forms of lewisite that were present were trans (97.7%), cis (1.7%) and dimers

| (0.58%). Lewisite is a hazardous material with which to work since it is a 3’5
potent vesicant. All handling of lewisite was done in an extremely well N

vented chemical exhaust hood. Safety glasses and thick necprene gloves were

> worm.
The stability of DMPS, IMSA or BAL was determined using iocdametric
titration. To 2.50 ml of a 0.10 M dimercapto solution, 10 dreps of starch

SRR

froes

\ ," A > .\ s
. o

¥

&
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indicator soluticn were added. The solution was titrated using 0.025 N

Y AN

icdine solution until the blue color appeared and persisted for at least 10

DA
sec. N
o u”
.“-l\.-
l-‘ -\ - ¥
Results S
E—— _t\ -\
\- .'v'
PPN

Anti-lewisgite Activity

A3

B o,

The data of Table 1 clearly show that both DMSA and IMPS nave .::f;-,.
A

anti-lewisite activity when given subcutanecusly. aAs littla as "';"
“

A

20umols/IMSA/kg administered sc, according to the stated regimen, protecsts
against the lethal actions of lewisite. Thus, DMSA and DMPS are analoctus
to BAL not only in chemical structure but also with respect to anti-lewisize

> activity. In additicn, DMSA and DMPS have anti-lewisite activity when given
orally (Table 2).
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TABLE I

The Anti-lewisite Activity of Meso-Dimercapetosuccinic Acid and
2,3,-Dimercapto~l-Propanesulfonate when given sc to rakbits

Group wmols/kg survive/start? $ survival
1 =P+ 1/18 6
2 LEW + 75.0 DMSAS 12/12 100
3 LEW + 37.5 DMSA 6/6 100
4 LEW + 20.0 DMSA 6/6 100
5 LEW + 10.0 DMSA 1/6 17
6 LEW + 75.0 DMps© 10/12 83

LEW + 37.5 DMPS 5/6 83

8 IEW + 75.0 BaLS 8/12 67

9 LEW + 37.5 BAL 3/6 50
a

Lewisite (29.7 umols/kg) was given sc at time zero.

8]

All agents given sc except BAL, which was given im.
Dimsrcapto campounds given at +1 min, +90 min, +180 min,
+360 min after lewisite and at 8 a.m. and 4 p.m. on day 2
and 3. Administration of these amxunts of dimercapto
campound at the times cited above did not cause any
fatalities in contxol apimals that did not receive lewisite
(data not shown).

d Pair-wise campariscns: p < 0.0001 for 1 vs 2; p = 0.8

c
for lvs 3and 1vs 4; p<0.00l for Lvs 6 and 1 vs 7; 2
0.001 for 1 vs 8 and 0.01 for 1 vs 9.

Ci
=
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VS TWYTYOWEN

TAELE II

| Meso-Dimercaptosuccinic Acid or 2,3-Dimercapto-l-Propanesulfcnate
; J.seffecuve,wtmg:.mbymxth in protecting rabbits ‘
against the lethal effects of Lewisite K

Coar N i

| ;
Group umols/kg survive/start % survival 4
1 IBe + b 0/12 0 R
2 ILEW + 400 IIEAD 5/6 83 L
3 LEW <+ 200 4/6 67 3
4 ILEW + 400 6/6 100
5 ILEW <+ 200 DMP 4/6 67
6 LEW + = 1/6 17
7 ILEW + EI'SAC 4/6 67 ¢
8 IEW <+ DMPS 1/6 17 ;

2 lewisite (29.7 umols/kg) was given sc at time zero.

{/) bDim'capt:oc:np:uxisgivmpoat -45, -2, +90 and +300 min.

- after lewisite and 8 a.m. and 4 p.m. on day 2 and 3. No ;
fatalities occurred in contxol animals that received these amount :
of dimarcapto campound, po, (but no lewisite) at the times cited

above. Survival was followed and recorded for 7 days after X
lewisite administration. .
13
Dl.mcapt:o campounds given Po as follows: 400umols of

a:upomd /kg at 5 min before lewisite, and 200umols/kg p

at each of the fol.l.cwmqtamsa.fte.rlm.s:.te.lhr.,ZS"xrs h
and 5 hrs. on the first day plus 8 a.m. and 4 p.m. on day 2 and .
3 )
d ‘e

For pair-wise camparisan: p = 0.001 for 1 vs 2; p = 0.01 for 1
vs 3; p<0.001l for lvs 4 and p = 0.01 for L vs S

;

Additional studies have demonstrated that a single po administmaticn of :
OMSA (400 umoles/kg) 15 min prior to lewisite was ineffective since cnly . =% .

6 animals survived for 7 days. In the experiments of Table 1 and 2, most of
the rabbits that received lewisite and no dimercapto therapy died within 12 3

- 14 =

......................
...................



hrs., If animals died after receiving lewisite plus dimercapto therapy, they
usually died between the first and fifth day of the experiment.

Stability Studies

The stabilities of [MSA, IMPS and BAL in 0.10M solutions at pH 5.0 and
7.0 were examined (Fig 1l). The mercapto groups of these compounds, in
aquecus solutions at pH 5.0, are stable (Fig 1). Even after 7 days at roam
temperature, from 78 to 87% of the mercapto groups remain titratable. At cH
7.0, however, the greater stability of DMSA is evident with 82% of tre

mercapto groups remaining after 7 days.




100 = o )

8AL |

© ME J
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100

% of Initial Mercaplo Concentiation

FIG. 1

Stability of DMSA, DMPS and BAL at pH 5.0 or 7.0.
Aquecus solutions of each campound were prepared,
adjusted to pH 5.0 or 7.0 and to a final concentraticn of
0.10mmol/ml. Soluticns were prepared using
double-distilled H,0 and maintained at 24°. Aliquots
were removed at indicated times and the mercapto content
determined. Each value shown is the average of two
separate titrations.

By this time and under these conditions nome of the mercapto groups oI

IMPS or BAL remained. Other studies (data not shown) indicated that IMSA, o

a soluticn of 5% NaHCO3' when either frozen for 4 days or Zrozen and <hawed

each day for 4 days retained 82% of its criginal mercapto groups. IS simu.ar

solutions were held at 4° or 24° for 4 days, CMSA retained 76% and 63% ci .=s

O mercapto groups, respectively. Although solutions of DMPS in 5% .\'ascc3 wers
stable (92-95% of original) when either Zxozen, or frozen and thawed each Zday

LI N L X ™
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for 7 days, after three days at roam temperature no titratable mercapto
groups were evident.
Discussicn

Extensive clinical experience with DMSA and DMPS as antidotes and
prophylactics for mercury, lead, arsenic and other heavy metals has been
reported in Soviet and mainland Chinese literature (10,11,12,13). In the
Soviet Union, [MPS has been for many years an official drug called Unithiol.
Recently, there has been a great deal of interest in both of these water
soluble chemical analogs of dimercaprol in the United States and abroad
(14,15,16,17,18). This has resulted in the confirmation and extension
(19,20,21,22) of earlier reports dealing with both the basic and clinical
investigations of DMSA and DMPS.

Although dimercaprol is a name relatively easily identified in the Zfield
of therapeutics, the compound is kown most camenly in other areas as
British Anti-lewisite. It seemed reasonable to expect that a true analcg
agonist might also have Anti-Lewisite Activity.

The present experiments clearly show that either IMSA or OMPS will
protect rabbits against the lethal systemic effects of subcutanecusly
administered lewisita (Table 1 and 2). Therefocre, DMSA and DMPS can be
considered to be not only analogous in chemical stucture Sut alsc
anti-lewisite activity. In addition, DMSA and DMPS are effactive wnen siven
by mouth; a route not recammended for BAL administration.

The dose schedule for administering OMSA and CMPS was based cn a thiee
day regimen recammended in the literature for the use of these metal =indinc
agents. Subsequent studies (Aposhian, unpublished) have demonstrated =hat as
lLittle as cne dose of 40 umols/kg of either drug given im cne mimte af=er
lewisite will result in the survival of 4 cut of 6 rabbits. In additicn wren
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DMSA therapy is delayed until 90 min after lewisite, 6 of 6 rabbits,
survived. The purpose of these studies was to determmine whether DMSA or DMPS

have anti-lewisite activity. No attempt has been made to quantitate their
relative efficacy against lewisite.

Not only are these analogs crystalline and readily water soluble, they
are less tmxic than BAL. The results of a mumber of different investigaticns
in rodents have led to the conclusion that the acute toxicity of DMSA is less
than that of DMPS which is much less than that of BAL (19,23,24,25).

The stability studies (Fig 1) were initiated for two reascns. Many
investigators believe that DMSA and DMPS are unstable because of <¢heir
dimercapto structure. Since solutions of these compounds were being used
throughout the day, for example see Table 1 and 2, it has been consicered
necessary by a mmber of investigators (17,20) to prepare soluticns
immediately before usse. The stability of solutions of these dimercapto
campowrds is sanewhat swprising since mercapto campounds are usually thought
to be readily oxidized.

In addition to many older reports in the Soviet and Chinase l.terature
(10,12,26) dealing with OMPS and DMSA in muman therapy, such use nas been
strengthened by recent papers containing data £aom clinical investigaticns.
For example, OMSA has been used recently in the treatment of a 46 vr. z.d
man who ingestad 2000 mg of arsenic in a suicide attampt (27). Treathent with
300 my of DMSA every 6 hrs po for 3 days caused an increase in the urinar:
excretion of arsenic and eventual recovery. ODMSA increased the excret:cn =3
lead in the urine of smelter workers and was effective in —eating ==e siITms
and symptams of lead poiscning (28). The dimercapto campound was well
toleratad and no signs of toxicity were evident. The usefulness of "MPS and

other metal binding agents in the treatment of Tercury intoxicaticn resultong
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&mttnlnqimrcxyéisasterhasbemdocmted:ecently (18) . OMPS, as

DIMAVAL, is now an approved drug in West Gemmany for the treatment of mercury
poison. 'mnsemmrsolublean'a.logsofm,analogcusinactivityas
well as chemical structure, active when given by mouth and of low toxicicty,
warrant contimed investigation as possible replacements for BAL.
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PART II Optical Isamers of 2,3-Dimercapto-l-propanesulfcnate: :
Antidotal Activity, in vitro and in vivo,
against Sodium Arsenite. e
STMMARY ,
oMPS (2, 3-dimercapto-l-propane sulfonate, Na salt) is an important water _‘,
soluble analog of dimercaprol. All investigations of this antidote for heavy ;
metal intoxication have dealt cnly with the racemic mixture. In the present .
repart, the optical isamers of DMPS have been separated and =he 3
arsenic-antidote activity of the levo-rotatory (=) isamer, e #
dextro-rotatory (+) isamer and the racemic mixture of DMPS have been :
investigated in vivo and in vitro. The individual optical isamers and the :
O racemic mixture of CMPS are effective equally, in vitro, in preventing <he X
inhibition by sodium arsenite of the activity of mouse kidney pvruvate
dehydrogenase complex (PDH). In addition, when PDH is inhibited, in vito, ';.:5
by sodium arsenite, any of the three DMPS preparaticns will reverse <the N
inhibition equally well. The in vitxo evidence suggests that two Tolecules
of DMPS are required to prevent the effects of cne molecule of sodium
arsenite. Neither the LDSOs nor the EDSOs of each of the three forms of CMPS .
differ significantly when measured i.p. in mice. In additiocn, there is o s
striking difference between the effectiveness of the levo- or dextro-rotatory

DMPS when given crally to mice challenged with sodium arsenite. Twus, <=e
use of the individual optical isamers of DMPS does not appear t©o zave any

advantage over the racemic mixture as an arsenic antidote under =~ese
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MPS (2,3-dimercapto-l-propanesulfonate, Na salt) is a water soluble
analog of dimercaprol (BAL) (Petrunkin, 1956). Not cnly is it analogous in
chemical structure but it is also analogous in its activity as an antidcte
for lewisite, 2-chlorvethenyl-arscnous dichloride (Aposhian et al., 1982).
OMPS is an official drug of the Soviet Union (Klimova, 1958) where it is used
clinically and is known as Unithiol. It is used in West Germany as an
antidote for mercury intoxicaticn in humans and it is receiving increasing
attention in the USA, England and Western Burcpe. A recent review of ics
pharmacological and therapeutic properties has appeared (Aposhian, 1983). I
is effective p.o., s.c. and i.m. as an antidote against heavy meta.l
intoxication, in particular against arsenic, (Luganski et al., 1957; Tadlock
and Aposhian, 1980), mercury, (Kostygov, 1958; Gabard, 1976; Clarkscn et al.,
1981), lead (Anatovskaya, 1962) and gold (Gabard, 1980). Since the murber 2
carbon atam of DMPS is asymmetric, two optical isamers or enantiamers of “MPS
exist. Heretofcre, published reports dealing with DMPS have dealt only wizh
the pharmacological properties of its racemic mixture or its stsuctural
isamer, iscDMPS (Mizyukova and Lokantsev, 1960). The biological creper<ies
of the optical isamers of DMPS have not been studied.

The optical isamers of other metal binding or chelating agents cfsen
differ in their properties and usefulness (Aposhian, 1961). D-genic:illamine,
for example, is less toxic than l-penicillamine because it =as .sss
anti-vitamin B6 activity. Thus, l-penicillamine is a potent inmbisor =2
Cysteine desulfhydrase while d-penicillamine is not (Aposhian, .361). The
difference in toxicity is cne of the reascns that d-cenicillamine, andé -ct

its l-isamer or racemic mixture, has been the drug of choice Zor =ne

treatment of hepatolenticular degeneraticn, Wilson's Disease.
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The present paper reports the separation and scme of the antidotal ,
properties of the individual optical isamers of DMPS. Their activity, in
vitro, in preventing and reversing the sodium arsenite inhibition of the o
pyruvate dehydrogenase multienzyme camplex (PDCH) has been demonstrated. E
Secondly, the LDSO, the EDSO and the therapeutic index of each DMPS form have )
been determined when given i.p., and found to be essentially the same.
Finally, the isamers do not appear to differ in their antidotal activity wren -
given p.o. ‘.
Breeding Labs (Wilmington, MA). They were maintained as described previcusly %
(Tadlock and Aposhian, 1980). At the time of their use for these experiments '
p they weighed 26-31 g. The amount of sodium arsenite injected was equal <o o
the approximate LD100. 'mecmcentratimoftheNaAsoz solution was such
that a 25 mouse received 0.050 ml s.c. The dimercapto campounds were ‘
dissolved in 0.9% saline immediately before use and the soluticns were .
adjusted to pH 5.5. The concentration of the dimercapto soluticns was such 7]
that a 25g mouse received 0.20 ml by the intraperitoneal or 0.20 ml v =he :-
oral route. For oral administration, the animals were fastad for 16 hrs and 2
curved 18 gauge aral feeding needles, purchased frum Popper & Scns, New F/ce '
Park, N.Y., were used.
Chemicals. DMPS contains 1 molecule of Hy0 of recrystallizaticn. The oA
enanticmers and the racemic mixture (DDMAVALY) were titratad wizh iodine in
order to measure mercapto content and purity. All the CMPS preparaticns wers ,
b judged to be greater than 99% pure by this critericn.
g
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Thiamine pyrophosphate, NADT, CcA and sodium pyruvate were purchased :
from Sigma Chemical Co. (St. Louis, MD). (1-1%C]-Sodium pyruvate was '
purchased from New England Nuclear, Boston, MA. ]
Separaticn of optical isamers of DMPS
The reaction of d1-DMPS with the cptically active base L(+) arginine leads to ~
the diasterecmeric salts of DMPS. They can be separated by ZIZracticnal E
crystallization in methanol. The pure optical isamers of LMPS can be :
isolated by treating each of the diastereciscmeric arginine salts with lead ‘
acetate followed by decamposition of the resulting lead salts with hydrogen 1
sulfide. The separation of the iscmers of DMPS was also successful using ,:
brucine as the optically active base. In this way it was possible <o ;:
substantiate the physical properties of IIT and IV. ;
C Pb-2, 3-Pb~dimercapto-propane-l-sulfonate  (Petrunkin, 1956), 49.6 g, was 5
suspended with stirring in 400 ml methanol. The suspensicn was saturatad =
with hydrogen sulfide. The lead sulfide was removed by filtraticn and washed E
fwice with 100 ml methanol. To the cambined filtrates was added L(+) - <
arginine, 9.5, wntil pE 4.5 was reached. The addition of hydrogen sulfide ."f
and the filtration must be carried out quickly. The filtered soluticn was :
then evaparated and the residue recrystallized from 250 ml methanol =0 give =
9.2 g of (+) 2,3~dimercapto-propane sulfonic acid, (+) arginine salt (procucs ~y
D mp.: 172 = 173°C; (120, L 7.5 + 1.0 (water, C = 1g/100ml). Iodcmer=:ic \
titration of mercapto qroups indicated that the purified material cnsisted i
of equal parts of arginine and (+) DMPS. :
The mother liquor, from which I was obtained, was evapcrated .ncer :
C’ reduced pressure. The residue was recrystallized £ram 30 mi methancl <o
cbtain 8.4g of (-) 2,3~dimercapto-gropane sulfonic acid, (=) arginine sais
(product II). m.p.: 200-202°C; (a]%%: +« 0 = 1 (water, C = ig/i0Cmi).




Iodametric titration of SB-groups showed that the composition of the 3
diastercmeric salt consisted of equal parts of arginine and (-) DMPS. '
A solution of (+) DMPS= (+) arginine salt, 9.2g9 in 200 ml of 320, was

acidified with acetic acid to pH 3. The solution was stirred at 60°C. An
aquecus solution containing 14.2g of lead acetate was heated at 60°C and

added to the reacticn mixture. The vellow

Pb-2,3-Pb-dimercapto-propanesulfonate precipitate was filtered, washed ;

ttmughlywithacj.difiedazo,HZOandnethaml. The lead salt was suspenced r

in 250 ml methanol and decomposed with hydrogen sulfide. The lead sulfide

was filtared, washed twice with methanol and discarded. Na.HCO3wasaddedto

the combined filtrates to give a pH of 4.5. The solution was then evaporated

. under reduced pressure and the residue was recrystallized from 90% ethanol to '
O give 4.5g of (+) DMPS, sodium salt (III). [GIZO: + 2.5 ¢ 1° (water, C =

1g/100ml) .Content: 98% SH - iodametric titraticn 3

Using the same procedure that was used to separate III, 8 g of (-) CMPS- :

(+) arginine salt was prepared and hydrolyzed to give (=) DMPS, sodium salt N

(V). Yield: 3.7g; (a]®%: - 2.5 £ 1° (water, C = 1g/100ml).Content: 98% SH -

iodcmetric titration :

Preparation of mouse kidney extract for PDE complex activitv. Eight mouse .

kidneys (about 4 grams) were sliced and washed with deicnized water. The

tissue slices were stored in a refrigerator for 2 days (Linn et al., 1972). 3

The tissue slices and 4 ml of 0.25 M sucrose were hamogenized at 4°C in a 3.

Braun Melsungen hamogenizer using 20 strokes at 650 REM. The hamogenate was v

centrifuged for 20 min in the SS=34 rotor of Sorvall RC2-B centriifice ac
O 3000xy and 4°C. The supernatant was collected and stored at -70°C 'meol

needsd.
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Assay of Pyruvate Dehydrogenase Camplex The reaction mixture for assaying
POH complex was prepared by adding 0.08 ml of Tris-HCl buffer, (pH 8.1),
which contained the cofactors, matastmbemining'uc-pymmand:he
supernatant of the mouse kidney extract. The final mixture contained 0.210 M
Tris-HCl (pH 8.1), 1 mM MgCl,, O0.5mM CaCl,, 0.5 mM EDTA, 0.2 7 thiamine
pyrophosphate, 2.5 mM NAD', 2 mM cysteine-HCl, 0.13 mM coenzyme 3, and 2 =M
(1-ct4~ sodium pyruvate (0.5 nCi/mmole) (Kresze and Steber, 1979) in a
total volume of 0.24 ml. After incubation at 30°C for 10 min, 0.24 ml of 20%

14

TCA was added. The mzmodmdmmndmmmm::npm

activity. The 40, was trapped by the metnod of Palmavier ec al., (1370)

and counted in a Packard TriCarb scintillation counter.

In vivo stixdies - Determinations of the ILDSO and EDSO of the varicus fcrms of

OMPS were performed and analyzed statistically by the same meticds as
outlined in the biological studies and statistical analysis secticns of =te
paper by Aposhian et al., (1981).

RESULTS

Preventicn and Reversal of the Inhibition of POH The inhibiticn of the ZTE

enzyme complex activity by sodium arsenite is demonstrated in fig. 1. o
determine, under these conditions, whether the different Sorms of OMPS can
prevent the inhibitory activity, sodium arsenita (0.25 =M) and varicus
momts of DMPS were incubated with the PDH camplex. D, production was
determinad as a measure of PCH activity. The amount of IMPS neecded Icor 1IC%
prevention of the inhibitory activity of 0.25 mM sodium arsenice was Izumc <o
be about 0.50 mM (Fig. 2). The amount needed Sor .J0% gsrotecw.en s
essentially the same regardless of whether the (-)-ilsamer, <he (+)-.sqamer °r
the racemic mixture is used. The concentratian cf dl-, (=)=, r =) -OMPS

neaded for 508 preventicn, a more quantitative value, was Sound wo de .24 ™
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Fig. 1. Inhibiticn of mouse kicdney pyruvic acid dehydrogenase corplex

activity by sodium arsenite. Sodium arsenite, °TH carplex (2.3 mg srotean oI

mouse Kidney extract) and cother constituents of the PCH camplex reaczicn
O mixture ware incubated as described in Methods.

hd - M .. A ‘. '-- '.l- --“‘l.
ORI I YA TSI PR PN

et .I‘...

BN A
N s N e e st e




il m aealr S EAMMA £ o4k B anRE L o d B A B 28 B B £ A Aot fher fav Sol fat Aao Sa- B Fal Ca tit R o ta sfh gl bd ot b ACE kAl i d A ch i dedh ek ainde i g i
»
-

o
L
L L L
100 = -
P -
80 =
- T
> 60 - -
=
>
£ -
J ° I -
< .
2 (+)-DMPS
40 p~ ® (=)-DMPS ]
A dI-DMPS
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Fig. 2. d1-DMPS or its enanticmers will she  inhi .
. x prevent <he innibiticn °f =x
activity of mouse kidney PCH camplex by sodium arsenite. Scdium a:sem.:g 3
(0.25 mM), PDHcazplex (2.3:rqgrcteinofmusei-cidney extract), and varicus P
amounts of DMPS were incubated with the cg:er constituents of the TH ~amiex !
@) vnowion mixture at 30°C for 10 mins. 0, was determined as descrivec -
Methods, Specific activity of the PDH cfmplex extract was 2..- ~arcmcis B
CO,/min/mg protein. A -
LJ
N
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(Fig. 2). It appears that a DMPS:As ratio of 2:1 is necessary to prevent
campletely the inhibition of the activity of PDH camplex under these
corditions.

nel A A [

The relative activity of each form of DMPS in reversing the inhibiticn
by sodium arsenite of the PDH camplex activity was determined next. The

" 5y

]

sodium arsenite and PDH camplex were incubated first for 5 mins at 30°C; then

[ N

different amounts of DMPS were added (Fig. 3) and the incubaticn continued
for 5 mins. The reversal activity of the different forms of DMPS are ecual
(Fig. 3). To cbtain 50% reversal of the inhibitory properties of 0.20 =M

., 'r\'b'-"t \A t

NaAsO,, 0.26 to 0.28 mM [MPS is required; 100% reversal required

Sl

appraximately 0.40 mM DMPS. Since the 50% value multiplied by two is more

¢

O accurate, it appears that a DMPS:As ratio of 2.7 or more realistically

»
’
r
r
&

between 2.5 and 3.0 is necessary for 100% reversal of the inhibiticn by

S N

sodium arsenite of the activity of the PDH camplex. The three forms of DMPS

appear to have equal reversal activity.
Protaction, in vivo, against the lethal Acticn of Sodium Arsenite. The

a0

therapeutic index for the different forms of DMPS in mice was determined by
dividing the LDSO of the dimercapto campound by its EDSO. The latter value
is defined as the amount cf dimercapto compound (mmol/kg) protecting 50% of

the animals against the lethal effects of 0.15 mmol NaAst/kg. In <his

YANS

\

laboratory, this dose of NaAst killed 100% of the animals. The i.p. IS

FI ’ l{ v{. v"c (.- (

for the three DMPS forms are given in Table 1 and the EDSO and therapeutic

index values in Table 2.

¥ ;"‘..
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LR Y

oy Sy S

In the above experiments, DMPS was given i.p. The antidotal activisy o

Hy

s the three OMPS forms was determined when given p.o. alsc (Table 3). Yo <
n
N ¢
. N . . « Kl . - - - \
striking difference in the antidotal activity of (+) or (=)= Scrm was found. :"
3
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DMPS, mM

Fig. 3. Reversal by dl-DMPS or its enanticmers of the inhiditicn of e FTE
camplex by sodium arsenite. PDH camplex reacticn muxcure  (0.24 )
ccmimmz.ssu'qofumsekidneye:mctpmteinandmmlescfsod;m
arsenita were incubated at 30°C for 5 min. Then 0.06 ol of a scicticn
containing 0.1 M Tris-HCl buffer (pH 8.1), 2 ™M Pvruvate, ccfactors and MPS
was added and the incubation continued for 5 more mins. e reacticn was
stopped with 0.30 ml of 20% TCA. The specific activity of the ZCH camplex
extract was 2.47 nancmols mzlm.n/m; protein.
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TABLE 1. LDS50 of the optical isomers and racemic mixture of

DMPS given i.p. .
9S% No. of Dcse
LDSO confidence mice range
(mmol/kq) interval used (mmol/xg)
(=) -DMPS 5.88 4.676-7.214 85 4.0~ 3.2
(+) -DMPS 6.02 5.121-6.490 76 4.9-10.90
d1-DMPS 6.53 5.494-7.706 88 4.0-13.3
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TABLE 2. EDS0 and therapeutic index of the optical isomers \
and racemic mixture of DMPS for protecting mice
against the lethal action of 0.15 mmol sodium

arsenite/kg.
(-) -DMPS (+) -DMPS d1-DMPS 3
b
ED50 (mmol/kg)? 0.045 0.051 0.055 :
Confidence interval (0.006- (0.0084- (0.0261~
0.0824) 0.0877) 0.0820) .
Therapeutic index 131 118 119 :

a

The dose range of DMPS to obtain the ED50 value was 0.012

to 0.120 mmol/kg and the number of animals used was 140 .
for each DMPS form. DMPS given i.p.; sodium arsenite

given s.c.
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TABLE 3. DMPS enantiomers are active p.o. in protecting
mice against sodium arsenite lethality.

?

7-day survival?

3
neo. surv./no. start survived
(=) ~DMPS 11/16 69
(+) ~DMPS 9/16 56
d1-DMPS 14/16 88
(H,0) 0/16 0

a

DMPS (0.12 mmol/kg) or H,0 was given p.o. 15 min prior <o
NaAsO, (0.1S5S mmol/kg) s.&. Control animals receiving
DMPS {0.12 mmol/kg) p.c. had 100% survival.
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DISCUSSION

In the classical work an arsenic, lewisite and dimercaprol by Peters and
co-wqrkers (Stocken and Thaupson, 1949), pyruvate axidase was believed to be
the most sensitive enzyme. More recent studies have shown that pyruvate
axidase is not a single enzyme. It is known now as the PDH multienzyme
camplex. The axidative decarbaxylation of pyruvate catalyzed by the pyruvate
dehydrogenase camplex can be summarized as follows:

Pyruvate + NAD' + CoASH CoASAC + NADH + H' + CO,

The multi-enzyme camplex contains many copies of each of the three
enzyms camponents; pyruvate dehydrogenase, (BEamada et al., 1976),
dihydrolipoyl transacetylase, (Hamada et al., 1975), and dihydrolipcyl
dehydrogenase (Sakurai, et al., 1970). In addition, pyruvate dehydrogenase
kinase and pyruvate dehydrogenase phosphatase (Baxter et al., 1978; Limm et
al., 1972) are present in the camplex.

O

mma@enmtsusmgtbePDHmﬂumzym camplex activity
damxnstrates that DMPS can prevent and reverse the sodium arsenite inhibiticn
of this enzyme activity. All three forms of DMPS are equally active in this
respect. It suggests that 2 molecules of DMPS are required to prevent The
inhibitory activity of 1 molecule ©of arsenite while samewhat Tore =is
necessary to cbtain reversal (Figs. 2 and 3). It does not appear <hat <he
simple classical picture of chelate or ring formaticn with <he resu.cing
thicarsenite type of stxructure is applicable, in this case. The ring chelate
would be expected to have a 1l:1 ratio of chelator to As. We are =ving ==
isclate the [MPS-arsenic structures in order to determine their nature, The
three forms of OMPS have similar [0SO and EDSO values :1n muce. The
O therapeutic index of each form as a sodium arsenite antidote is indepencent

of stareciscmeric structire (Tabla 1 and 2).
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It has been reported that DMPS is not campletely abscrbed from the GI
tract (Gabard, 1978; Wiedemann et al., 1982). The extent of abscrpticn has
been repcrted to be anywhere between 30-60% depending on the species used.
The activity of the DMPS entaniamers in protecting against arsenite lethalicy
was studied p.o. to determine whether the 30-60% abscrption of DL~OMPS mignt
be due to cne of the iscmers in the racemic mixture not being absorbec Zrom
the GI tract. If this were so, that isamer when given p.o. would not prcotect
the animal against sodium arsenite. This does not appear to be the czase
(Table 3). There does not appear to be any striking difference between e
individual enanticmers of OMPS as far as their activity p.o. under nese

Very little is known about the biotransformation of DMPS or its isamers.
Preliminary studies have indicated a possible conversion to the disuliice and
tetrasulfide in bioclogical systems (Luganskii and Loboda, 1960). ‘“hether
each of the optical isamers of DMPS would be oxidized enzymatically at <he
same rate is not known and must wait for more sophisticated methods of
separaticn and analysis that are not available at present. These metxds ars
at present being developed in this laboratory. When such methods are Zound
and perfacted, additicnal studies of the cptical isamers of this irporsant
water soluble metal binding agent that is effeczive crally shculd 2e =5

interest.
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PART III -
Answers to possible questions as to scope and prcgress of contract

Questions to be answered about scope and what was and what was
not done during the contract from February 1, 1980 to October 31,
1981. .

Why didn't we test more compounds? One page 21 of contrac:
proposal ted November 26, 1979, we stated that we would test 23
compounds for protective activity against the lethal activicy of
sodium arsenite. We actually tested only compounds numbered ., 2, 5§,
7 and 10 of that list. Therefore S5 compounds on the list were tested.
We also tested 9 other compounds not on the list. Seven of these are
published in Table 3 of our paper that appeared in Toxicology and
Applied Pharmacology, 61, 385-392 (198l1l) and in our £irst annual
report.

Therefore we tested 14 compounds. Why didn't we test the other
compounds on the list? For two reasons. First of all, the protective
activity of DMPS and DMSA far surpassed our expectation. Because IMPS
and DMSA were so successful, it was decided by conversation with Armv
people that we should push ahead and do LDS0, ED50 and therapeut.c
index studies and compare the effectiveness of DMPS and DMSA. These
studies were not even alluded to in the original proposal. They are
costly both in number of animals, personnel and computer time and
evaluation. Once the effectiveness of DMPS and DMSA were found, these
2 compounds became the primary interest of the PI and his lab. It was
deemed very important that their anti-Lewisite activity be determined.
The compounds, DMPS and DMSA, were studied by the PI at Edgewcod and
were found to have anti-Lewisite activity.

Why were the other compounds of Table 1 not tested? There are
many reasons: 1. We became more sophisticated and realized <haz
monothiols would not work. 2. We tried polythiols that we 3did not
even know existed at the time of our original proposal.

In summary, looking at page 37 of our original contract sroposa.,
two phases of research were proposed under methods Phase I and Phase
II. Under Phase I we assayed 5 of 23 compounds and 9 others <hat were
not listed. We did not study mixed ligand chelates because =:ze
effectiveness of mixed ligand chelates in treatment of heavy mecal
poisoning was retracted by Shubert.

Phase II, Part i --DMPS and DMSA were shown in preliminarv exger-menzs
at Edgewood to protect pigs against Lewisite burns. Experiments wera
tried with mice and Lewisite at Edgewood but they were not successZul
because of factors out of the control of the PI.

Phase II, Part ii and Part iii were not performed because we ran zu=
of money.

It should be kept in mind that the PI showed that COMPS and CMSA
havg anti-Lewisite activity. There were no such reports =£ =za.s
activity in the world literature.
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The PI is told that $109,000 was originally awarded for this
contract and the contract from February 1, 1980 to October 31, 1981
spent a total of $213,000. The difference between what was originally
awarded and the total spent was primarily for the purchase of
equipment. The purchase of new equipment was justified in letters <o
the manager of Area V research and/or the COTAR for this contracet.
These letters as justification for equipment needs are in the Army's
files.

It also should be kept in mind that the work from February 1
1980 to October 31, 1981 in Aposhian's lab was carried out by the 2I
Mrs. Boxhorn and 2 honor students. The two honor students worked a
minimum of 20 hours a week without salary and were indispensable <2
the work covered by the original contract.

’
14

In addition one member of a site team has criticized us Zor using
mice from Temco Lab and mice from Charles River instead of sticking =2
one source. We started with Temco mice since the company is located
near us in Houston, Texas but we soon found them to be very unreliabie
as far as ability to deliver. We continued to use them even tiough iz
was inconvenient until a logical point came where future experimencs
would not depend on having the same strain of mice. We then switzhed
to Charles River mice. There has been absolutely no indicaticn =hatz
the switch changed any results in either quality or specificity c3
data.
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